The ability of Escherichia coli and Salmonella isolates to attach to Caco-2 and HT-29 cell monolayers was measured. All isolates displayed a greater ability to attach to Caco-2 cells than HT-29 cells, and overall E. coli isolates attached better to both cell lines than Salmonella isolates. Bacteria that were considered to be pathogenic displayed no greater ability to attach to cell lines than those that were not considered to be pathogenic. Additionally, no correlation was found between cell line attachment and previously determined hydrophobicity results.
Cultured intestinal cell lines are often used in attachment assays as indicators of the pathogenic potential of bacteria (9, 15) . The ability of bacteria to attach to the intestinal epithelium may help explain the differences in pathogenicity among strains (4) . It has also been suggested that bacterial physicochemical properties, such as cellular surface charge and hydrophobicity, can influence bacterial attachment to surfaces, including human intestinal cell lines (7, 12, 20) .
The usefulness of attachment assays for food-borne bacterial pathogens and the influence of physicochemical properties on attachment are not always clear from the literature. Previous studies investigating the attachment of bacteria to cell lines have used either a small number of isolates (15) or several strains from a number of different species (9) . This study was undertaken to investigate how a large number of closely related bacterial isolates with different physicochemical properties, encompassing those commonly associated with human disease (e.g., Salmonella enterica serovar Typhimurium, S. enterica serovar Virchow, S. enterica serovar Infantis, and Shigatoxigenic Escherichia coli [STEC] serotype O157) and those that are not (e.g., S. enterica serovar Sofia, and non-STEC) differ in the degree of attachment to intestinal cell lines.
Twenty strains of E. coli previously used in other studies (18) investigating attachment to stainless steel (Table 1) , along with 25 Salmonella strains previously used in other studies (T. W. R. Chia, R. M. Goulter, T. McMeekin, G. A. Dykes, and N. Fegan, submitted for publication) investigating attachment to stainless steel, glass, nitrile butyl-rubber, polyurethane, and Teflon (Table 1) , were selected for the cell attachment assay. Isolates were cultured on tryptic yeast soya glucose agar (TYSG) from Protect beads (Technical Service Consultants, Lancashire, United Kingdom) and stored at 4°C. Cultures were grown in 10 ml tryptic soya broth (TSB; Oxoid, Basingstoke, United Kingdom) and incubated at 37°C under aerobic conditions for 18 Ϯ 2 h. A 1-ml aliquot of each overnight culture was added to 9 ml of phosphate-buffered saline (PBS; 2.67 mM KCl, 137 mM NaCl, 8.1 mM Na 2 HPO 4 , 0.74 mM KH 2 PO 4 , pH 7.4) centrifuged at 4,500 ϫ g for 10 min, and washed once with 10 ml PBS. In order to achieve a bacterial suspension of ϳ1.5 ϫ 10 8 cells/ml, the pellet was resuspended in Dulbecco's modified minimal essential medium (DMEM; 1ϫ high glucose) containing 25 mM D-glucose, 146 mM L-glutamine, and 110 mM sodium pyruvate (Gibco, Invitrogen, CA).
The HT-29 (ATCC HTB-38) and Caco-2 (ATCC HTB-37) intestinal cell lines were used for the attachment assays. Cells were maintained at 37°C in 5% CO 2 and 95% air in T-75 flasks (Sarstedt, Nümbrecht, Germany) containing 10 ml of complete growth media for each of the HT-29 and Caco-2 cell lines. For HT-29 cells, this comprised DMEM supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS; Invitrogen) and antibiotics to a final concentration of 100 U/ml penicillin and 100 g/ml streptomycin (Gibco). For Caco-2 cells, this comprised DMEM supplemented with 20% (vol/vol) FBS, 1% (vol/vol) nonessential amino acids, and antibiotics to final concentrations of 100 U/ml penicillin and 100 g/ml streptomycin (Gibco). Medium was changed every second day, and cells were subcultured using a 1:6 split ratio every 2 to 3 days. At ϳ80% confluence, cells were split by adding trypsin-EDTA solution (Invitrogen) (0.25% [wt/vol] trypsin-1 mM EDTA) and counted in a Neubauer counting chamber before seeding at a concentration of 1 ϫ 10 5 cells/well in 24-well tissue culture plates (Sarstedt) containing 2 ml of complete growth medium/ well. Plates were incubated at 37°C in 5% CO 2 and 95% air. Culture medium was changed on alternate days until cells reached confluence. At this stage, complete growth medium minus antibiotics was added and the assay was performed the following day.
Prior to the attachment assay, HT-29 and Caco-2 cell monolayers in each well were washed once with 2 ml DMEM to remove residual culture medium. Aliquots of 2 ml of bacterial suspensions were added to the tissue culture wells and incubated for 1 h at 37°C in 5% CO 2 and 95% air. Following incubation, the unattached bacteria were removed by washing the monolayers with 2 ml of sterile PBS four times. Attached cell lines and bacteria were then detached from the wells and cell lines, respectively, by incubating the monolayer in 200 l trypsin-EDTA per well for 10 min at 37°C followed by vigorous pipetting. Following detachment, serial 10-fold dilutions were prepared using 0.85% saline and 100-l aliquots were plated onto TYSG and incubated at 37°C for 18 h in air. Spread plates were counted to quantify bacteria before and after attachment. As shown in Table 2 , the attachment results are presented as CFU/100 intestinal cells, as obtained by dividing the final count of detached bacteria by the average intestinal cell count/well (determined using a Neubauer chamber). The assay was per- The average of relative standard deviations (SDs) for Caco-2 cell attachment (26.10%) was lower than that for HT-29 attachment (42.89%), suggesting, in this instance, that Caco-2 attachment assays have a lower level of variability. The mean of triplicate values for E. coli and Salmonella attachment numbers was determined and expressed as CFU/100 cells for each cell line. Salmonella and E. coli cell attachment to Caco-2 cells was significantly greater than their respective mean attachment to HT-29 cells (P Յ 0.05). The mean attachment of E. coli strains was greater for Caco-2 cells (1,449.7 bacteria/100 Caco-2 cells) and HT-29 cells (264.6 bacteria/100 HT-29 cells) than the mean attachment of Salmonella cells (856.89/100 and 44.04/100, respectively). Variation between individual triplicate counts was relatively high, making it difficult to identify significant differences between isolates of the same genus. Reported variations in SDs of up to 50% of the mean are not uncommon in the literature (1, 8, 13 ). This finding is not unexpected as assays that involve two independent biological systems would be naturally more variable than those that involve one. In addition, individual strains showing high variability are more likely to occur in our study due to the large number of strains. Another issue that may have influenced the variability observed in our study is that previous attachment studies have used low incubation temperatures (4°C) to prevent bacterial invasion of Caco-2 cells during attachment (2), while others have used 37°C (1, 10 ). An incubation temperature of 37°C was used for this study, being more representative of bacterial attachment in a human system than 4°C. Consequently, the present study did not account for those bacterial cells which had invaded, as intestinal cells were not lysed before bacterial enumeration, a feature which may vary between strains and result in greater variability. While the use of trypsin-EDTA in detaching bacteria from cell lines may not be as effective as methods that lyse cells totally, it is nonetheless an accepted and widely used method (10, 13, 17) . In addition, a comparative adhesion study by Le Blay et al. (10) demonstrated little difference between plate count enumeration (using trypsin-EDTA), enzyme-linked immunosorbent assay, and radiolabeling in detecting adherent bacteria.
In spite of the limitation produced by the variability discussed above, some clear and statistically significant conclusions could be drawn and the assay regarded as useful. Specifically, it was apparent that EC614 (a sorbitol-fermenting, Shiga toxin-negative E. coli O157:HR strain) attached to Caco-2 cells at significantly higher levels than all other E. coli isolates, except EC623, -1814, -183, -2141, and -1858 (P Յ 0.05), and it's attachment to HT-29 cells was notably greater than other E. coli isolates. In the HT-29 assays, S. enterica serovar Typhimurium ATCC 14028 attached at significantly higher levels than all other Salmonella isolates (P Յ 0.05), although no significant difference (P Ն 0.05) was seen between Salmonella isolates in the Caco-2 assays.
Hydrophobicity is suggested to play a role in attachment of bacteria to surfaces (21); however, evidence for correlation between hydrophobicity and attachment is contradictory (11, 14, 16) . Attachment data from this study were compared with previously reported physiochemical and attachment data from the same isolates. No correlation was observed between the results of this study and hydrophobicity results obtained using hydrophobic interaction chromatography (R 2 ϭ 0.0004 to 0.0089), contact angle measurement (R 2 ϭ 0.0158 to 0.0347), bacterial attachment to hydrocarbons (for hexadecane, R 2 ϭ 0.0055 to 0.0839; for xylene, R 2 ϭ 0.0021 to 0.0769), or previously described stainless steel attachment results (R 2 ϭ 0.000006 to 0.1630) (3, 18, 19; Chia et al., submitted) . It should be noted in these previous studies no direct correlation was observed between attachment of E. coli to stainless steel and cell surface hydrophobicity (18) . While at a strain level, hydrophobicity did not appear to influence bacterial adhesion capacity, when analyzed at a species level, the mean values for hydrophobicity measurements (using bacterial attachment to hydrocarbons for hexadecane and hydrophobic interaction chromatograpy) showed E. coli to be significantly more hydrophobic than Salmonella (P Յ 0.05), which may be linked to the greater attachment of the former species to the cell lines.
Previous studies have shown that Salmonella attachment to stainless steel was greater than that of E. coli (Chia et al., submitted), a finding which is inconsistent with the cell line attachment data demonstrating E. coli attachment to cell lines is greater than that of Salmonella (P Յ 0.05). E. coli O157:H7 has, however, been shown to attach to bovine primary cell lines significantly better than S. enterica serovar Typhimurium (5) .
Isolates commonly associated with human disease did not appear to attach to cell lines in greater numbers than those that were not. According to Harington et al. (6) , Salmonella enterica subsp. II serovars (such as S. enterica serovar Sofia) may be considered to have low virulence for humans in comparison to Salmonella enterica subsp. I serovars. There was no obvious difference in bacterial attachment between subspecies I serovars (S. enterica serovar Typhimurium, S. enterica serovar Infantis, and S. enterica serovar Virchow) and subspecies II serovars (S. enterica serovar Sofia). Additionally, STEC strains carrying combinations of virulent marker genes (stx 1 , stx 2 , eae, and ehxA) did not attach better than non-STEC strains (lacking virulence marker genes).
Caco-2 cell lines grow and differentiate differently from HT-29 cell lines. While the cells used in our assays were not grown for long enough to allow significant and obvious differentiation, the expression of various levels of differentiationrelated features could not be ruled out and may be responsible for the dissimilar levels of bacterial attachment observed in this study.
In summary, this study found that Caco-2 and HT-29 cells appear to differ as a model for measuring bacterial attachment to human intestinal cells, with E. coli and Salmonella demonstrating a superior ability to colonize confluent Caco-2 cells. The study provides evidence to support the lack of correlation between hydrophobicity and bacterial attachment to cultured cell lines and shows isolates considered pathogenic to humans do not display a greater ability to attach to either cell line than those that are not.
